Aqueous extract test is a laboratory technique commonly used to measure the amount of soluble salts of a soil sample after adding a known mass of distilled water. Main uncertainties are related to kinetic calcite dissolution and variations in CO 2 (g) pressure.
Introduction
Clay formations have been selected by several countries as candidate host rocks for high level radioactive waste (HLW) disposal in deep geological repositories and swelling clays used in as engineered barriers of such repositories (Alonso and Ledesma, 2005) .
Assessing the long-term safety of a HLW disposal site requires knowing the chemistry of clay porewater.
There are numerous experimental studies of water-clay interactions (Fritz and Kam, 1985; Wanner et al., 1994; Cuevas et al., 1997; Kraepiel et al., 1998; Muurinen and Lehikoinen, 1999; Bradbury and Baeyens, 2003; Fernández et al., 2004; Muurinen et al., 2004) . Geochemical modelling of porewater in clays is an active field of work where several approaches are taken to understand and quantify processes controlling porewater chemistry and its evolution in response to changes in environmental conditions Beaucaire et al., 2000; Baeyens, 1998, 2003; Muurinen and Lehikoinen, 1999; Arcos et al., 2003; Fernández et al., 2004; Pearson et al., 2003; Wersin, 2003; Metz et al., 2003; Ochs et al., 2004; Wersin et al., 2004; Samper et al., 2005; Gaucher et al., 2006; Turrero et al., 2006; Sasamoto et al., 2007) . Geochemical evolution of clay porewater chemistry is controlled by cation exchange, proton surface complexation and dissolution/precipitation of soluble accessory minerals, and depends on ambient temperature and pressure as well as on solid-to-liquid ratio, S/L Fernández et al., 2004; Bradbury and Baeyens, 2003; Wersin, 2003; Wersin et al., 2004) .
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Obtaining reliable data for clay porewater chemistry is a difficult task. Geochemical characterization of clays can be performed in situ by drilling and field techniques and ex situ by means of rock sampling, storage, preservation and laboratory analysis. There are numerous laboratory techniques to extract water from clay samples, such as centrifugation, squeezing, aqueous extraction or leaching, vacuum, azeotropic distillation and direct equilibration (Sacchi et al., 2001) . Squeezing and aqueous extract are the most commonly used methods. A large effort has been made during recent years to improve water extraction methods, develop numerical interpretation methods and achieve consistency between analytical data obtained from squeezing and aqueous extracts tests (Sacchi et al., 2001; Bradbury and Baeyens, 2003; Pearson et al., 2003) . Both squeezing and aqueous extract alter the water-clay system in several ways and introduce sampling artefacts in measured data. Squeezing at high pressures may induce oxidation and dissolution of clay accessory minerals, outgassing of CO 2 and chemical fractionation (Sacchi et al., 2001; Pearson et al. 2003) . Furthermore, squeezing does not allow extracting porewater from clay samples with water contents less than 20% (Fernández et al., 2004) . For low water contents one must resort to aqueous extract tests (AET) in which a crushed sample is placed in contact with deionised water at a given S/L ratio. After establishing equilibrium, the solid phase is separated and the liquid phase is analyzed Ferrel, 1972, 1973) . Since AET may alter the geochemical system, indirect hydrogeochemical modelling is needed to infer the chemical composition of porewater from AET data.
Here we present an inverse hydrochemical model for the interpretation of AET.
Porewater composition of the clay sample is obtained by an inverse hydrogeochemical model using the inverse reactive transport code INVERSE-CORE 2D of Dai and Samper (2004) . The paper starts with a description of AET and chemical processes which may occur during AET.
After that, the inverse methodology is described. The inverse hydrochemical model is used to 4/32 interpret AET performed on bentonite samples taken from FEBEX in situ test at Grimsel (Switzerland). The paper ends with a discussion of main uncertainties and conclusions.
Aqueous extract test

Description
AET is a method to quantify the total content of soluble salts of a clay sample. An 1:R aqueous extract test consists on adding to a mass M s of powdered clay sample a mass of distilled water equal to R times M s . Clay sample and water are stirred during a period of time of usually 2 days during which equilibration of water and clay sample is allowed. Chemical analyses are performed on supernatant solution after phase separation by centrifugation (Sacchi et al., 2001) . The solid-to-liquid ratio, S/L, is related to the aqueous extract ratio R through:
where w i is gravimetric water content of clay sample. It should be noticed that S/L coincides with 1/R only when clay sample is fully dry (w i = 0). In addition to dilution, various chemical processes may occur during porewater extraction such as dissolution of soluble minerals (halite, sulphates and carbonates), dissolution and ex-solution of gases, cation exchange and surface complexation. All these processes perturb concentrations of dissolved species in a complex manner making difficult to derive the chemical composition of the original (before aqueous extraction) clay porewater from aqueous extract data. For this reason, aqueous extract data are mostly used to: 1) Evaluate the amount of soluble salts, 2) Derive concentrations of conservative species such as chloride and 3) Derive qualitative patterns for reactive species.
Interpretation
Concentration of a conservative species in the original clay porewater (before aqueous extraction), i c , can be derived from concentration of aqueous extract, ae c , performed on a clay sample of mass M s from species mass balance 5/32
where w ae is the gravimetric water content of the aqueous extract which is related to w i
Substitution of Equation (3) into (2) leads to the expression of the dilution factor
which is equal to the ratio of concentrations of the original sample, i c , and that of the aqueous extract, ae c .
Inferring dissolved concentrations of reactive species requires geochemical modelling based on mineralogical data. Our methodology to infer clay porewater chemical composition from aqueous extract data is based on the definition of a geochemical model (GM) for the clay-water system. The GM for a clay sample is defined in terms of relevant chemical processes taking place during aqueous extraction. Identification of GM requires knowing: 1) Aqueous complexes, 2) Mineral phases and their initial volume fractions and equilibrium constants, 3) Cation exchange reactions, cation exchange capacity (CEC) and cation selectivities, 4) Surface complexation reactions, types of sites, densities and protolysis constants, and 5) Gas phases, pressures and conditions (open or closed).
Since the appropriate GM may not be known a priori, it has to be improved in an iterative manner as indicated in Figure 1 . The method starts from an initial GM and a guess of sample porewater concentrations, c i . Inverse modelling accounts for the perturbations caused by aqueous extraction and computes concentrations of aqueous extracts. Optimum estimates of c i are those which minimize the differences between measured and aqueous extracts concentrations. Large deviations of model results from measured data may indicate the need to modify or update the GM (see Figure 1 ).
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Inverse model
Porewater chemistry is inferred with the inverse method of Dai and Samper (2004) 
where r l is the residual of the lth data which is equal to the difference between computed and measured concentrations, w l is a weighting coefficient for measured data and L i is the number of dissolved species for which data are available. For FEBEX bentonite L i is equal to 8 (see below). Weights, w l , depend on data accuracy. If some data are judged unreliable, they should be assigned small weights in order to prevent their pernicious effect on optimization.
Inverse modelling of AET was performed with INVERSE-CORE 2D (Dai and Samper, 2004 ) a code which combines automatic parameter estimation algorithms with a reactive transport code CORE 2D (Samper et al., 2003; Yang et al., 2008) . The inverse problem is solved by minimizing a generalized least-squares criterion with a Gauss-Newton-Levenberg- Molinero and Samper, 2006) , analyze stochastic cation exchange reactive transport in aquifers (Samper and Yang, 2006) , couple 7/32 chemical and biological processes within the context of the CERBERUS project in Boom clay Zhang et al. 2008) , evaluate interactions of bentonite-concrete (Yang et al., 2007a) , corrosion products and bentonite (Samper et al., 2008c) and evaluate oxygen consumption in a HLW repository in granite (Yang et al., 2007b) . INVERSE-CORE 2D has been used to interpret laboratory experiments (Dai and Samper, 2004) and model geochemical processes in coastal systems . (ENRESA, 2006a; Samper et al., 2008a) .
Bentonite samples were taken from vertical sections normal to the axis of the tunnel (Fig.2 ).
Fig . 3 shows the location of bentonite blocks in section 29 collected after dismantling of heater 1. A total of 9 bentonite blocks were sampled (BB29-5 to BB2913). Bentonite blocks were preserved immediately after their extraction in plastic films, two layers of aluminized PET-sheets and vacuum-sealed plastic bags. The first PET-sheet was vacuum sealed after flushing nitrogen in it. Protection against mechanical actions was used to ensure block integrity (Fernández and Rivas, 2003; ENRESA, 2006b) . AET data from sections 29 and 19 located at both edges of heater 1 (see Fig. 2 ) were used to test our inverse methodology.
Soluble salts of these two sections were analysed by Fernández and Rivas (2003) in aqueous extract solutions. Crushed bentonite samples were placed in contact with de-ionised and degassed water at a solid-to-liquid ratio of 1:4, shaken and allowed to react for 2 days at atmospheric conditions. After phase separation by centrifugation (30 min at 12.500 rpm), supernatant solutions were analysed.
Geochemical model
The geochemical model accounts for the following chemical processes: aqueous complexation, acid-base, mineral dissolution/precipitation, gas solution-exsolution, cation exchange and surface complexation. The chemical system is defined in terms of the following primary species:
, HCO 3 -and SiO 2 (aq). Relevant aqueous complexes were identified from speciation runs performed with EQ3/6 (Wolery, 1992) . They are listed in Table 2 . Based on available hydrochemical data (Fernández et al., 2004) relevant mineral phases for FEBEX bentonite include calcite, gypsum and chalcedony.
Initial volume fraction of gypsum is assumed to be zero. For the duration of AET of 2 days these minerals can be assumed at chemical equilibrium. Dissolution of clays minerals such as 9/32 smectite is extremely slow and can be disregarded. The Gaines-Thomas convention is used for cation exchange.
Modelling of AET performed on bentonite samples of FEBEX in situ test assumes that all water content is accessible for chemical reactions. Chemical reactions used in the model and their corresponding equilibrium constants, selectivity coefficients and protolysis constants at 25 ºC are listed in Table 2 .
Weights, w l , in Equation 5 for inverse analysis are all equal to 1 except for bicarbonate data which are given a weight of 0.1 because initial bicarbonate concentrations are not estimated, but calculated from equilibrium with calcite. This is consistent with experimental conditions of FEBEX in situ test during which bentonite reacted with porewater for more than five years and reached equilibrium. Initial bicarbonate concentrations derived from equilibrium with calcite not always lead to a good fit to measured bicarbonate data. Adding bicarbonate data in the objective function does not help the estimation of initial bicarbonate.
Actually, bicarbonate data affects the estimation of initial calcium concentration. In order to prevent the pernicious effect of bicarbonate data on the estimation of initial calcium concentration, bicarbonate data are given small weights.
As concluded by Fernández et al. (2004) , protonation/deprotonation by surface sorption is a key process controlling pH and bentonite porewater chemistry. Previous studies have considered mostly a one-type of proton sorption sites . However, Bradbury and Baeyens (1997) argue that three types of proton adsorption sites are needed to describe titration data on SWy-1 montmorillonite and Ni/Zn sorption isotherms. Samper et al.
(2008a) compared 1 and 3 types of proton sorption sites in a permeation test performed on a compacted sample of FEBEX bentonite. They conclude that protonation/deprotonation by surface sorption is a key process in buffering pH and that models with one and three types of proton sorption sites provide similar results. Therefore, here we use a model with a single type 10/32 of sorption site. Similar to Bradbury and Baeyens (1997) no electrical terms for surface complexation are considered.
Although our methodology accounts for redox reactions during water extraction, redox processes were not considered for the interpretation of AET performed on FEBEX bentonite because such processes are not relevant for the conditions of FEBEX in situ test. Bentonite samples from in situ test are at oxidizing conditions at which the redox processes most likely to occur are pyrite dissolution, organic matter oxidation, siderite dissolution and iron oxihydroxide dissolution/precipitation. FEBEX bentonite, however, has a very low content of organic matter, pyrite and siderite (see Table 1 ). Zheng et al. (2008) report the interpretation of AET performed on Opalinus clay samples by accounting for pyrite oxidation.
Model results
Inverse geochemical modelling has been performed for 9 samples of bentonite blocks in section 29 (Table 3 ) and 12 samples in section 19 (Table 4) . Solution of the inverse problem provides optimum values of the initial concentrations which lead to calculated concentrations of the aqueous extract which for the most part reproduce measured concentrations.
Initial log K values of protolysis constants are equal to -5 for XOH 2 + and 8.7 for XO -.
These protolysis constants lead to calculated pH much larger than measured pH (see Table 5 ).
The fit to pH bicarbonate data is not good. The fit to measured pH and HCO 3 -data improves greatly when protolysis constants are also estimated in addition to initial concentrations.
Estimated protolysis constants are equal to -5.8 for XOH 2 + and 11.8 for XO -. These estimates differ from initial estimates derived from Samper et al. (2008a) (see Table 5 ) probably 11/32 because they worked with compacted bentonite while here AET were performed on crushed bentonite. Figure 4 shows the comparison of c ae (measured aqueous extract), Fc ae (pure dilution) and c i (inferred) concentrations for dissolved calcium.
One can see that pure dilution concentrations (Fc ae ) are much larger than measured concentrations (c ae ). They differ by a factor F which for samples in section 29 range from 20 to 33 (see Table 3 ). Inferred concentrations, c i , are larger than pure dilution concentrations by at least a factor of 5 (see Figure 4 ). This means that the net effect of chemical reactions is a sink for dissolved calcium. Calcite dissolution provides a source of calcium while cation exchange acts as a sink for dissolved calcium. When these two processes are combined, they lead to a net sink of calcium, indicating that cation exchange plays a more important role in controlling the final concentration of calcium than calcite dissolution. Results for dissolved magnesium (Fig. 5 ) are similar to those of calcium and reflect that dissolved magnesium is exchanged with sorbed cations.
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Dissolved sodium (Fig. 6 ) and potassium ( Fig. 7) have sources coming from cation exchange since their inferred values are smaller than those calculated from pure dilution.
Since the initial volume fraction of gypsum is zero, gypsum does not precipitate during aqueous extract and dissolved sulphate behaves as a conservative species (Fig. 8) . As a result, inferred sulphate concentrations coincide with sulphate calculated from pure dilution. Model results for bicarbonate indicate that there is a source due to calcite dissolution so that inferred concentrations ( Fig. 9 ) are smaller than those calculated from pure dilution. Calcite dissolution in aqueous extract tends to increase pH. However, surface complexation reactions buffer pH. Therefore, most inferred pH values are slightly smaller than measured aqueous extract pH (Fig. 10 ). The maximum difference between measured and inferred pH is less than 0.3. The spatial distribution of inferred pH does not show a clear trend due to pH buffering processes.
Uncertainties
Our inverse hydrochemical model to interpret AET has uncertainties related to: 1)
Initial amount of soluble minerals; 2) Relevant mechanism for mineral dissolution/precipitation (kinetics versus equilibrium); 3) Types of sorption sites and 4)
Relevance of pH-buffering processes.
Initial amount of gypsum
According to ENRESA (2000) , FEBEX bentonite at ambient conditions (water content of about 14%) contains 0.14 wt% of gypsum (0.08% in volume fraction) (see Table 1 ). Bentonite samples from in situ test were subjected simultaneously to heating and hydration. During the test gypsum could have been dissolved due to hydration or precipitated near the heater due to 13/32 evaporation. No mineralogical characterizations were performed before AET and therefore the initial amount of gypsum before AET is unknown. This is a source of uncertainty in AET interpretation. Whenever present, gypsum controls dissolved sulphate concentrations.
Thereby, the saturation index with respect to gypsum provides a hint on the presence of gypsum. Aqueous extracts from sections 29 and 19 are markedly undersaturated with respect to gypsum (see Tables 3 and 4 ). Since samples are diluted during extraction, original bentonite porewater could be less unsaturated than aqueous extracts.
Saturation indexes were calculated also with concentrations of initial water (chemical composition before aqueous extract) by assuming pure dilution for all species. After accounting for dilution, most samples are still undersaturated with respect to gypsum although some samples are close to saturation. All these calculations indicate that bentonite samples most likely do not contain gypsum.
A sensitivity run was conducted to test the effect of assuming an initial amount of gypsum.
The inverse model was run for BB29-11/2-3 by assuming an initial volume fraction of gypsum equal to that reported in ENRESA (2000) for intact bentonite which is equal to 0.08%. Model results for this sensitivity run are compared to those of the base run in Table 9 .
It can be seen that the inverse model with an initial amount of gypsum fails to fit measured sulphate and calcium data. Inverse estimate (inferred) of sulphate concentration is smaller than that of the base run. Therefore, it can be concluded that most bentonite samples from FEBEX in situ test do not contain gypsum.
Kinetic dissolution of calcite
According to Samper et al. (2005) , dissolved HCO 3 -and Ca 2+ concentrations are slightly affected by kinetic calcite dissolution. Aqueous extracts after 2 days may have not reached equilibrium and therefore measured dissolved concentrations may be smaller than those predicted with an equilibrium model.
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Aqueous extracts from section 29 are all slightly undersaturated with respect to calcite (see Table 3 ), Therefore after 2 days of aqueous extraction, samples have not reached equilibrium with respect to calcite because its dissolution is kinetically controlled.
On the other hand, porewaters in bentonite samples from FEBEX in situ test have been in contact with mineral phases for more than 5 years and therefore are likely to be at equilibrium with calcite. Therefore, the interpretation of AET must to take into account two distinct conditions: (1) Initial porewater in bentonite samples is likely to be at equilibrium with calcite; (2) Kinetic calcite dissolution takes place during AET, leading to undersaturated aqueous extract samples. Here arises the question of how to estimate the initial porewater composition which is at equilibrium from measured AET data which are not at equilibrium with respect to calcite. Since the computer code we used to interpret AET cannot handle this type of problem, it was decided to assume calcite equilibrium both initially and during aqueous extraction. This deviation from reality leads to problems in fitting bicarbonate data.
Future studies should improve the interpretation of AET for FEBEX bentonite by allowing for initial equilibrium conditions and transient kinetic mineral dissolution during extraction.
Types of surface complexation sites
Samper et al. (2008a) compared 1 and 3 types of proton sorption sites in a permeation test
performed on a compacted sample of FEBEX bentonite. They report that protonation/deprotonation by surface sorption is a key process in buffering pH and that models with one and three types of proton sorption sites provide similar results. Here we compare models with 1 and 3 types of sorption sites while keeping constant the total concentration of sorption sites. Model results are similar in both cases, although there are small differences in pH (see Table 5 ).
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pH buffering processes
Sensitivity analyses performed by Zheng (2006) on a coupled THMC model of the FEBEX in situ test indicate that surface complexation is more relevant than calcite dissolution in buffering pH. In order to evaluate the relevance of different pH buffering processes, several sensitivity runs were performed with sample BB29-11/2-3. Initial concentrations for sensitivity runs are equal to those inferred for sample BB29-11/2-3 (see Table 5 ). In the first sensitivity run, surface complexation is taken out. In this case pH is buffered by calcite dissolution and CO 2 dissolution. In the absence of surface complexation, calcite dissolution induces a noticeable increase in pH. In the second sensitivity run, both surface complexation and calcite dissolution are dropped. As a result, CO 2 dissolution causes a decrease in pH. In the absence of calcite, calculated calcium is smaller than in previous cases (Table 10) .
Therefore, it can be concluded also that surface complexation is more relevant than calcite dissolution in buffering pH.
Other uncertainties
Our model for the interpretation of AET of bentonite samples fails to fit bicarbonate and pH data probably due to the fact that the model assumes a fixed pressure of CO 2 (g) during aqueous extraction. Such deviations may be overcome by using a variable CO 2 gas pressure.
Although the inverse model of FEBEX bentonite aqueous extracts assumes that all water content is accessible for chemical reactions, the inverse method can deal with accessible porosity smaller than total porosity and with more complex porosity structures (Samper et al. 2008b 
Conclusions
A numerical methodology for quantitative interpretation of aqueous extract tests has been presented. Contrary to squeezing which is only feasible for samples with large water content, aqueous extraction can be used for samples of any water content. Numerically- 1.E-05
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